Introduction
Randomized clinical trials of a daily oral regimen of antiretrovirals used as preexposure prophylaxis (PrEP) for the prevention of HIV-1 acquisition have demonstrated efficacy in women and men from diverse settings [1] [2] [3] . However, two trials of daily oral PrEP, both among African women, did not find efficacy for protection against HIV-1 [4, 5] . Determining the reasons for these divergent results is a priority. Low adherence to PrEP has been proposed as the primary explanation for the null findings in two trials [4, 5] , but further investigation is needed to clarify whether other factors contributed. One hypothesis is that biological or behavioral risk factors for HIV-1 acquisition may have been more prevalent in the trials that did not find efficacy, potentially suggesting PrEP's protection is reduced when challenged with greater or more frequent HIV-1 exposure. Notably, HIV-1 incidence in the placebo arm, an indicator of study population background risk, was 2-4 events per 100 person-years in the trials that demonstrated PrEP efficacy [1] [2] [3] compared with 4-5 per 100 person-years in those that did not [4, 5] . Additionally, the two trials with null findings enrolled exclusively women.
To evaluate the hypothesis that PrEP efficacy might be reduced in populations with increased risk of HIV-1 acquisition, we identified higher risk subgroups within a trial of PrEP that overall demonstrated efficacy for HIV-1 prevention [2] , including subgroups of women alone, and estimated PrEP efficacy among these higher-risk subgroups.
Methods

Study population
Data were from the Partners PrEP Study, a randomized, placebo-controlled trial that enrolled and followed 4747 HIV-1 serodiscordant couples at nine sites in Kenya and Uganda between July 2008 and November 2010. The study design and results have been detailed previously [2] . Briefly, HIV-1 seronegative partners were randomized to tenofovir disoproxyl fumarate (TDF), coformulated emtricitabine (FTC)/TDF, or placebo, and were followed and tested for HIV-1 seroconversion monthly (with two rapid tests; positives were confirmed by HIV-1 western blot and RNA PCR) for up to 3 years; their HIV-1-infected partners, who were not yet eligible for antiretroviral treatment (ART) at enrollment, were followed quarterly.
Higher risk subgroups
We considered known HIV-1 risk factors to define five subgroups of uninfected participants at higher HIV-1 risk. Baseline data were used to categorize those with an HIV-1-infected partner with plasma HIV-1 RNA more than 50 000 copies/ml, which has been strongly associated with higher transmission risk [6] , and those identified as higher risk using a recently reported composite risk score for HIV-1 serodiscordant couples [7] . Time-dependent characteristics were used to classify, participants who reported unprotected sex within 3 months prior to each visit, and participants who themselves or their partners had signs, symptoms, or a diagnosis of a sexually transmitted infection (STI), also within the 3 months prior to each visit. Among women alone, we defined the same four subgroups and also classified women under 30 years of age, chosen as comparable to the populations in the two PrEP trials conducted solely among women [4, 5] .
We confirmed that our subgroups were at higher HIV-1 risk by assessing HIV-1 incidence in those randomized to placebo, comparing the incidence rate to that in the full study placebo arm (2.0 per 100 person-years). In addition, we included the subgroup in the analysis if there was reasonable statistical power to assess PrEP efficacy. For a subgroup with a placebo arm incidence of 3.0 per 100 person-years, a sample size of 313 per arm would provide 70% power to detect 70% efficacy. Similarly, groups with placebo arm incidence rates of 4.0, 5.0, and 6.0 would require 236, 190, and 176 in each arm, or an equivalent amount of person-time for time-dependent characteristics. We included groups sized to approximate 70% power.
Adherence
In addition to evaluating PrEP efficacy, for subgroups defined by baseline characteristics, we assessed both monthly study visit attendance (a marker of consistent return for study medication) and study medication use. Periods when participants were on protocol-defined study drug holds (e.g. during pregnancy) were excluded.
Medication use was estimated using a randomly selected cohort (n ¼ 198) from the trial's active PrEP arms who had tenofovir concentrations measured in plasma at months 1, 3, 6 and biannually [2] .
Statistical methods
We used Cox proportional hazards regression with HIV-1 seroconversion as the outcome. Participants who were later confirmed to have seronegative acute HIV-1 infection at the time of randomization were excluded. For groups defined by baseline characteristics, models were run within each subgroup including all follow-up time and treatment assignment was the only predictor. For groups defined by time-varying exposures, we modeled the full study sample with treatment arm, the time-varying exposure (unprotected sex or STIs), and the interaction between arm and exposure as predictors, excluding follow-up time after partner ART initiation. We also calculated the number needed to treat (NNT) to avert one infection. The analysis includes study visits up to 10 July 2011, when the trial's placebo arm was stopped [2] . All analyses were conducted in SAS 9.2 (SAS Institute Inc., Cary, North Carolina, USA).
Results
For participants who were not found to be HIV-1 infected at enrollment (n ¼ 4733, of whom 1780 were women), the median age was 33 years [interquartile range (IQR) 28-40], median partnership duration was 7.6 years (IQR 3.3-14.3), and median time couples were aware of their serodiscordancy was 0.4 years (IQR 0.1-2.0). Participants reported an average of four sex acts in the prior month (IQR 2-8).
Overall, HIV-1 placebo arm incidence in the Partners PrEP Study was 2.0 per 100 person-years, and PrEP efficacy was 67% [95% confidence interval (CI) 44-81, P < 0.001] for TDF and 75% (95% CI 55-87, P < 0.001) for FTC/TDF [2] . In higher risk subgroups containing both men and women, placebo arm incidence ranged from 3.9 to 5.0 per 100 person-years ( Fig. 1) . In all subgroups, PrEP was protective against HIV-1 acquisition, with efficacy point estimates ranging from 67 to 86% (all P < 0.05). In the highest-incidence subgroup, those with a high composite risk score (22.8% of the study population), TDF efficacy was 72% (95% CI 35-88, P ¼ 0.003) and FTC/TDF efficacy was 78% (95% CI 46-91, P < 0.001).
Among women enrolled in the Partners PrEP Study, overall HIV-1 incidence in the placebo arm was 2.8 per 100 person-years, and TDF efficacy was 71% (95% CI 37-87, P ¼ 0.002) and FTC/TDF efficacy was 66% (95% CI 28-84, P ¼ 0.005) [2] . In subgroups of higherrisk women, placebo arm incidence ranged from 5.4 to 6.6 per 100 person years. TDF efficacy estimates ranged from 69 to 84% and FTC/TDF efficacy ranged from 64 to 72% (all P < 0.05). For two subgroups, placebo arm incidence was more than six events per 100 person-years: women under 30 years of age (placebo incidence 6.1, 32.8% of women in the cohort), among whom TDF efficacy was 77% (95% CI 29-92, P ¼ 0.01) and FTC/ TDF efficacy was 72% (95% CI 25-90, P ¼ 0.01), and women with a high composite risk score (placebo incidence 6.6, 25.0% of women), among whom TDF and FTC/TDF efficacy were 69% (95% CI 7-90, P ¼ 0.04) and 64% (95% CI 1-87, P ¼ 0.05). In this highest risk subgroup, the NNT to avert one infection was 22 for TDF and 24 for FTC/TDF.
Visit attendance was high, with month-to-month attendance more than 94% throughout the study period in all subgroups ( Fig. 2a and c) . Tenofovir detection was more than 70% of samples for all subgroups ( Fig. 2b and d) .
Discussion
Among higher risk subgroups within the Partners PrEP Study, including groups solely of women, both daily oral TDF and combined FTC/TDF PrEP had consistently high efficacy for HIV-1 protection. Thus, our results do not support the hypothesis that PrEP efficacy is reduced in women or other higher risk populations. Although the Partners PrEP Study population was composed of HIV-1 serodiscordant couples who had not yet transmitted HIV-1, which could suggest lower biological or behavioral risk, we identified several subgroups with placebo arm HIV-1 incidence rates over 5 per 100 person-years and across these groups PrEP efficacy ranged from 64 to 84%. The range of results from daily oral PrEP trials [1] [2] [3] [4] [5] has raised questions about PrEP efficacy and consequently concern regarding PrEP implementation. A number of hypotheses have been proposed that might explain some of these differences [8] including adherence to the daily regimen, biological differences between men and women, and increased risk due to increased exposure, including exposure to persons with acute HIV-1 infection. Our results do not indicate reduced PrEP efficacy in persons with high HIV-1 exposure. Across PrEP trials, a key factor related to efficacy has been adherence to the daily medication. Plasma tenofovir levels in the two trials that failed to demonstrate PrEP efficacy indicated that 30% or less participants were consistently taking the study medication [4, 5] . In contrast, about 80% of participants in trials with the highest PrEP efficacy estimates, including the Partners PrEP Study, had tenofovir detected in plasma [2, 3] , and detection of tenofovir was associated with an approximately 90% reduction in HIV-1 risk [1, 2] . In the present study, among all subgroups, including younger women, visit-to-visit attendance (indicating obtaining medication refills) and medication use (as measured by tenofovir detection) were high throughout follow-up, and, most importantly, PrEP efficacy was high. Qualitative research suggests that the commitment within an HIV-1 serodiscordant partnership to avoid transmission may have contributed to high PrEP adherence in our study population [9] , but further investigation of factors that promote PrEP adherence among persons at risk will benefit not only PrEP Incidence rate 4 5 6 7 Subgroups of women alone N Events Incidence rate %Efficacy (95% CI) P-value NNT Fig. 1 . HIV-1 incidence and preexposure prophylaxis efficacy overall and among higher risk subgroups. Incidence rates are per 100 person-years. Plasma HIV-1 RNA concentrations were measured by PCR in samples collected at enrollment from HIV-1-infected study partners. Ã For time-dependent variables, N in these subgroups represents participants who were categorized as high-risk during at least 1 month of follow-up. For unprotected sex, data were from the 3 months prior to each visit. The STI risk group included participants who themselves or their partners had signs (genital discharge or ulcers), symptoms (genital burning, discharge, sores, or lower abdominal pain in women), or a diagnosed STI (Neisseria gonorrhoeae, Chlamydia trachomatis, Trichomonas vaginalis) within the 3 months prior to each visit. Symptoms of STIs were evaluated quarterly and also recorded if reported in the interim. A clinical evaluation of STI signs and laboratory testing for STIs [13] were conducted annually and as indicated. The total person-time for time-varying exposures (i.e. unprotected sex and STI within the prior 3 months) was too small to estimate efficacy among women alone. ÃÃ Composite risk score includes age of the uninfected partner, number of children, circumcision status of male HIV-1-uninfected partner, married/cohabiting, unprotected sex, and HIV-1-infected partner viral load [7] . FTC, emtricitabine; NNT, number needed to treat to avert 1 infection, calculated as 1 divided by the difference in the placebo arm incidence rate and active arm incidence rate; STI, sexually transmitted infection; TDF, tenofovir.
implementation but HIV-1 prevention measures more broadly.
Pharmacokinetic studies have suggested that TDF metabolite concentrations in cervicovaginal tissues after oral dosing are lower than in rectal tissues [10, 11] , which potentially could indicate reduced PrEP efficacy in women. Nonetheless, we observed comparable PrEP efficacy in women compared with the entire study population, suggesting that daily oral TDF and FTC/ TDF, when taken with high adherence, appear to provide sufficient drug concentrations for high HIV-1 protection for women. Further work is needed to identify tenofovir levels required for protection in relevant sites of exposure and what factors might affect these levels.
In our study population, exposure to acutely HIV-1-infected sexual partners is likely less frequent than other trial populations, although HIV-1 risk from outside partnerships is significant in serodiscordant couples [12] and some HIV-1-infected partners in our study may have been recently infected. In addition, accurately quantifying participants' HIV-1 exposure is challenging; therefore, we used high placebo arm incidence as a proxy for high exposure.
In conclusion, daily oral PrEP was highly efficacious for the prevention of HIV-1 acquisition in the Partners PrEP Study, both overall and among higher risk subgroups.
In populations with HIV-1 incidence of at least five per 100 person-years, the NNT to avert one infection was below 30. Prioritizing PrEP for persons at higher risk of HIV-1, who will adhere to the intervention, will maximize the number of potential new infections averted. 
